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Statement of the case 

1 Siemens Aktiengesellschaft ("Siemens"), the real party in interest (Brief, 

2 page 1), seeks review under 35 U.S.C. § 134(a) of a final rejection dated 

3 19 April 2010. 

4 The application was filed on 8 June 2006. The application on appeal 

5 (1) is a § 371 National Stage application of International Application 

6 PCT/EP2004/053381, filed 9 December 2004 and (2) claims priority of German 

7 application 10358342.4, filed 12 December 2003. 

8 The application has been published as U.S. Patent Application Publication 

9 2007/0158617 Al. 

1 0 Claims 9, 1 2, 1 6- 1 7, 1 9 and 2 1 -22 are on appeal. 

1 1 The Examiner relies on the following evidence: 
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1 Siemens does not contest the prior art status of the evidence relied upon by 

2 the Examiner. 

3 We have jurisdiction under 35 U.S.C. § 1 34(a). 

4 Findings of fact 

5 The following findings of fact are supported by a preponderance of the 

6 evidence. 

7 Additional findings as necessary may appear in the Discussion portion of the 

8 opinion. 

9 References to the Specification are to the application as published. The 

10 pages of the Specification do not have line or paragraph numbers. 

11 The invention 

12 The Siemens invention relates to a metal/plastic hybrid material which 

13 comprises a [1] thermoplastic, [2] a metal compound melting in the range between 

14 100 °C. and 400 °C. and [3] an electrically conducting and/or metallic filler. 

15 I] 0006. 

16 The object of the Siemens invention is a material, capable of being 

1 7 processed by conventional plastic molding processes (injection molding 

1 8 etc.), and having a high electrical and thermal conductivity. ]f 0005. 

19 Composition 1.1 is an example of a Siemens invention material. The 

20 material is described as including [1] Polyamide 6 (PA 6), [2] a low melting-point 

2 1 metal alloy identified as MCP 200 from HEK GmbH, Lubeck, Germany and 

22 having, melting point of 200 °C. and [3] copper fibers having a length of 

23 approximately 2 mm and a thickness of approximately 80 um. Items [1] through 

24 [3] are said to be present in the following weight percent ratios: 
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1 PA 6 : MCP 200 : Cu fibers = 20 : 20 : 60. 

2 Properties of the material are said to be: 

3 Specific volume resistance: 2.7 x 10" 3 Qcm 

4 Specific conductivity: 3.7 x 10 2 (1 / Qcm). 

5 See TfU 0024 through 0029. 

6 The Specification does not identify the precise nature of MCP 200. An 

7 Internet search on 28 December 201 1 reveals that MCP 200 is probably the 

8 eutectic of the tin-zinc system. See: 

9 http://mcpmetspec.thomasnetxom/item/low-melting-point-alloys/mcp200-metspec-390/item- 1012 

10 Siemens describes the melting point as being 200 °C, whereas the 

1 1 manufacturer describes the melting point as 1 97 °C. 

12 Claims on app eal 

13 The claimed invention is narrower than the invention described in the 

14 Siemens Specification, as filed. 

15 Claims 9, 16 and 19 are the three independent claims, all having differences 

1 6 in scope. 

17 Claim 9, which we reproduce from the Claims Appendix of the Appeal 

1 8 Brief, reads [matter in brackets added; limitations in issue italicized]: 

19 Claim 9 

20 A metal/plastic hybrid [material] which comprises: 

21 [ 1 ] a thermoplastic in a proportion of 1 0% to 25% by weight, 

22 [2] a metal compound melting in the range between 100 °C and 

23 400 °C[,] the metal compound consisting essentially of a metal 
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1 selected from the group consisting of bismuth, zinc, tin and mixtures 

2 thereof, and 

3 [3] an electrically conducting and/or metallic filler in the form 

4 of a copper fiber in a proportion of at least 30% by weight to 70% by 

5 weight, and is present jointly with the metal compound melting in the 

6 range between 100 °C and 400 °C in the hybrid as a fiber network, 

7 wherein, 

8 [a] the total proportion of (i) the metal compound melting in 

9 the range between 100 °C and 400 °C and (ii) the copper fiber is 

1 0 > 60% by weight, and 

11 [b] the length of the copper fibers lies between 1 and 10 mm, 

12 [and] the thickness is < 100 jum. 

13 Claim 16 

14 Claim 16, which we reproduce from the Claims Appendix of the Appeal 

15 Brief, reads [matter in brackets, indentation added (see 37 C.F.R. § 1.75(i)); 

16 limitations in issue italicized]: 

17 A shaped body, 

1 8 [A] produced by a plastic shaping process, and 

1 9 [B] which is at least in part manufactured from a metal/plastic 

20 hybrid [material] comprising[:] 

21 [ 1 ] a thermoplastic in a proportion of 1 0% to 25% by weight, 

22 [2] a metal compound melting in the range between 100 °C and 

23 400 °C, the metal compound consisting essentially of a material 
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1 selected from the group consisting of bismuth, zinc, tin and mixtures 

2 thereof, and 

3 [3] an electrically conducting and/or metallic filler in the form 

4 of a copper fiber in a proportion of at least 30% by weight to 70% by 

5 weight, 

6 wherein the total proportion of (i) the metal compound melting 

7 in the range between 100 °C and 400 °C and (ii) the copper fiber is 

8 > 60% by weight. 

9 Claim 19 

10 Claim 19, which we reproduce from the Claims Appendix of the Appeal 

1 1 Brief, reads [matter in brackets added; limitations in issue italicized]: 

12 A metal/plastic hybrid [material], comprising: 

13 [ 1 ] a thermoplastic in a proportion of 1 0% to 25% by weight; 

14 [2] a lead- free metal compound melting in the range between 

15 100°C and 400°C, the lead-free metal compound consists essentially 

16 of a metal; and 

17 [3] an electrically conducting and/or metallic filler in the form 

18 of a copper fiber in a proportion between 30% by weight and 70% by 

1 9 weight, wherein, 

20 (a) the copper fiber is fused with the lead-free metal compound 

2 1 to provide a fiber network, and 

22 (b) the total proportion of (i) the metal compound melting in 

23 the range between 100 °C and 400 °C and (ii) the copper fiber is 

24 > 60% by weight. 
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1 Scope and content of the prior art 

2 Matsumoto 

3 The Matsumoto invention generally relates inter alia to an electrically 

4 conductive plastic material. 0002 and 0010. 

5 Electrically conductive plastic materials that may be used in the Matsumoto 



6 invention include a resin formed by combining a matrix resin and an electrically 

7 conductive material (filler or filler agent) to form a net structure of electrically 

8 conductive material in the matrix resin. The matrix resin is not necessarily 

9 electrically conductive by itself. When the matrix resin is not conductive, it will be 

10 necessary to include a conducting filler in the resin. As a filler, a metal or carbon 

1 1 black may be used. The filler should preferably be capable of being dispersed in 

12 the matrix resin and should possess a net structure mutually electrically connected 

1 3 within the resin, such as powder or fiber. Filler in the form of a powder is quite 

14 desirable as it improves the forming performance of the electrically conductive 

15 plastic material. Filler in the form of fibers may generate anisotropy 1 when the 

16 electrically conductive plastic material is formed by injection molding. *\ 0023. 

17 The preferred filler is a metal. The use of a filler that includes a low 



1 Matsumoto is an English language document probably translated from a 
document originally in Japanese. In context, we understand "anisotropy" to mean 
that when injection molding takes place, non-uniformity (and therefore decreased 
electrical conductivity) of the conducting filler may occur. 
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1 melting point metal or a metal alloy is said to be particularly useful. By using a 

2 low melting point metal material as a filler, electrical connection is said to be 

3 achieved by metallic bond between (1) the filler in the resin and (2) the metal 

4 material (e.g., the leads of an LED — discussed in more detail later in this opinion). 

5 According to Matsumoto, the metal used as a filler also preferably includes high 

6 melting point metal such as copper to prevent separation of the filler and the resin 

7 by the melting of all of the metal filler. ^ 0024. 

8 Matsumoto advises that it is preferable to use (1) a "metal filler" having a 

9 high melting point and (2) a metal having a melting point which can be melted at a 

10 melting temperature of the matrix resin. The "metal" may be a single metal of 

1 1 either high melting point or low melting point, or a composite of a single metal or 

12 metal alloy such as a copper and tin system alloy (Sn — Cu system alloy). 2 Tf 0025. 

13 The type of filler to be dispersed in the matrix resin is not limited, 

14 as long as the filler possesses electrical conductivity. According to Matsumoto, it 

15 is preferable that the filler be in the form of a powder or fiber, particularly a metal 

1 6 powder. Matsumoto therefore describes a preference for a powder over a fiber. 

17 H0061. 

1 8 The filler agent forms a net structure in the matrix resin. The weight 



2 For a description of a Sn — Cu system alloy, see Saunders et al, The Cu-Sn 
(Copper-Tin) System, Bulletin of Alloy Phase Diagrams, Vol., 11 No. 3, 
pages 278-287 (1990) (copy attached). 
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1 of the filler or filler agent may be chosen so that the net structure is capable of 

2 allowing the flow of necessary electric current, ^ 0026. We understand "weight" 

3 to mean "weight percentage." 

4 When co-injection molding is used to make the material, it is preferable to 

5 use resin materials having good injection molding performance. Examples of 

6 suitable insulating resin materials include inter alia the following: thermoplastic 

7 materials; polybutylene terephthalate (PBT), polyethylene terephthalate PET), 

8 ABS resin, polystyrene, polyamide, polyethylene, polypropylene, and 

9 polycarbonate. ^0056. 

10 Possible materials for forming the electrically conductive resin 

1 1 material include a resin having the conductivity imparted to it by adding 

12 a certain amount of conductive material (filler) to the electrically insulated 

1 3 polymer (matrix resin) to form a three dimensional metal net structure in the 

14 filler. H0059. 

1 5 The "rate of mixture" of the filler and the matrix resin should be 

1 6 controlled to reduce the volume resistance of the generated electrically 

17 conductive resin. ^| 0062. By "rate of mixture," we understand Matsumoto to be 

1 8 addressing the weight percent of filler and matrix resin. 

1 9 Matsumoto states that the amount of the filler should be relatively small 

20 because the more filler, the less mechanical performance of the generated resin. 

21 As an example, the Sn — Cu — Ni — P 3 alloy of 50 weight % to 95 weight % can be 

22 added to PBT. 0063. To state that an amount of 50-95 weight % is small seems 

3 We believe Matsumoto intended to describe Pb (lead) and not phosphorus (P). 
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a bit unusual. However, in context, what Matsumoto means becomes clear on 
consideration of Embodiment 1 , to which we now turn. 

Matsumoto Figs. 3(a), 3(b) and 4, reproduced below, will assist the reader in 
understanding Embodiment 1 . 



100 



100 
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Matsumoto Fig. 3(a) 
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Matsumoto Fig. 3(b) 

Figures 3(a) and. 3(b), are schematic illustrations 
of a procedure for co-injection molding of the case; 
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30 



1 

2 



3 Matsumoto Fig. 4 

4 Fig. 4 is a cross-sectional view of an electrically conductive plastic 

5 material and a metal material illustrating a connecting method 
6 

7 With reference to Matsumoto Figs. 3(a), 3(b) and 4, Embodiment 1 



8 describes case body 10 to be used as the insulating portion was formed from 

9 insulated thermoplastic resin (PBT resin) as shown in FIG. 3(a) by injection 

10 molding, resulting in case body 10 having spaces 100. After formation of the case 

1 1 body 10, the case body was again disposed in a die and an electrically conductive 

12 resin ((1) Sn— Cu system alloy: 90 weight %; (2) PBT resin: 10 weight %) was 

13 injected into the space 100 to form circuits (thickness: 3 mm) by electrically 

14 conductive portions 11, 12 as shown in FIG. 3(b). The combination of the 

15 insulative portion 10 and the electrically conductive portions 11, 12 form the case 

16 1 as shown in Fig. 4. ^ 0077 

17 In electrically conductive portions 11, 12, several connecting holes 
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1 110, 120 (diameter: 0.4; depth: 2 mm) were formed during the injection molding 

2 for receiving the connecting leads 21 (diameter: 0.5 mm) of light-emitting 

3 diodes (LED) 2 as shown in FIG. 4. The leads 21 of the LED 2 are made of 

4 phosphor-bronze and are tin-plated on their surface, 0078. 

5 Embodiment 1 reveals an object of the Matsumoto invention which is to 

6 make an electrically conductive plastic material used in an electrical circuit where 

7 an LED can be inserted to complete the circuit. See, e.g., ^ 0002 and 0017-0018. 

8 Matsumoto also describes comparative examples, including Comparative 

9 Example 2. J|| 102-104. 

10 Case body 10 having an insulated portion was formed as shown in Fig. 2 



1 1 (we believe Matsumoto intended to refer to Figs. 3(a) and 3(b)) using insulating 

12 PBT resin. Case body 10 was again disposed in a die and an electrically 

13 conductive resin ((1) PBT resin: 50 weight %; (2) copper fiber: 50 weight %) was 

14 injected into the space 100 to form circuits as electrically conductive portions 11, 

15 12. Case 1 comprises insulative portions 10 and electrically conductive portions 

16 11,12. 



17 In the electrically conductive portions 11, 12, connecting holes 110, 120 

1 8 were formed for connecting the LED 2 to leads 21 as in Embodiment 1 . 

19 Matsumoto describes heat impact test results in Table 1. U 011 1. According 

20 to Matsumoto, the Embodiments of the Matsumoto invention "have superior heat 

2 1 impact resistance and high reliability of electric connection" vis-a-vis the 

22 Comparison Embodiments. 
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1 Nakazawa 

2 Nakazawa describes an electroconductive resin composition 

3 comprising: 

4 (A) 30-98 wt% of a thermoplastic resin 

5 (B) 1-50 wt% of an electroconductive fiber, such as a copper fiber; 

6 and 

7 (C) 0. 1-30 wt% of a low- melting point metal, such as an In — Sn alloy 

8 or an In — Bi alloy. 

9 See (1) Abstract (57) and (2) page 3 of 8. 4 

10 Unlike Matsumoto, Nakazawa was looking for an electroconductive resin 

1 1 which has electromagnetic wave shield properties. See (1) Abstract (57) and 

12 (2) page 2 of 8. 

13 Kosuga 

14 Kosuga was cited by the Examiner to establish that copper fibers having the 

1 5 claimed dimensions were known to be used in resins to make an electroconductive 

16 resin. Answer, page 5. 
17 



4 In 0009:2, Nakazawa uses the language "which do not contain". In context 
the language is not clear, no doubt due to the fact that Nakazawa is based on a 
machine translation. What we think Nakazawa intended to say by the language 
"which do not contain" is that its composition should, or does, not contain lead 
(Pb). 
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1 Level of skill in the art 

2 We find that the level of skill in the art is high. 

3 One skilled in the art would have recognized or known that: 

4 [1] any conductive particles in the resin should be in contact, one 

5 with the other (Specification, ]f 0003); 

6 [2] the best way of realizing a conducting network in a plastic is to 

7 incorporate metal or carbon fibers (Specification, 0003); 

8 [3] the proportion of the fiber needed is a function of the length of the 

9 fiber (Specification, ]f 0003); 

10 [4] as the length of the fiber increases, processing becomes more 

1 1 problematic (Specification, ^ 0003); 

12 [5] when shorter fibers are used, resins having a higher proportion by 

13 weight of fibers can still be processed by injection molding, but the specific 

14 volume resistance remains the same as when longer fibers are used 

15 (Specification, T| 0003); 

1 6 [6] fiber networks in resins can result in interruption of electrical 

17 conductivity dependent on different coefficients of expansion of the resin 

1 8 and filler (Specification, ^ 0003); 

19 [7] in Matsumoto's environment, use of a fiber (as opposed to a 

20 powder) in a resin may lead to anisotropy when the resin is subjected to 

2 1 injection molding (Matsumoto 0023); 

22 [8] a high melting point metal is preferably used in combination with 

23 a filler (e.g., the electroconductive material in the resin) to prevent 

24 separation of the filler and the matrix resin (Matsumoto U 0024); 
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1 [9] in Matsumoto's environment, the electroconductive resin 

2 preferably has a low volume resistance, such as less than 10" 2 Qcm or 

3 preferably less than 10" 4 Qcm (Matsumoto, Tf 0058); 

4 [10] in Matsumoto's environment, the type of filler to be dispersed in 

5 the resin is not limited as long as the filler possesses electrical conductivity 

6 (Matsumoto, ^ 0061); and 

7 [1 1] the "rate of mixture" (i.e., weight percent of ingredients) should 

8 be controlled to reduce the volume resistance of the conductive resin 

9 (Matsumoto, ^ 0062). 

10 Differences between claimed subject matter and Matsumoto 

1 1 Difference 1 : Siemens maintains that Matsumoto does not describe a "fiber 

12 network" (Claims 9 and 19). Appeal Brief, page 9. 

13 Difference 2 : Matsumoto does not explicitly describe the dimensions of the 

14 copper fiber (Claim 9). Answer, page 5:5. 

15 Difference 3 : With respect to its invention, Matsumoto does not explicitly 

1 6 describe the use of copper fibers in an amount of 30-70% by weight (Claims 9, 1 6 

17 and 19). Answer, page 5:4. 

1 8 Difference 4 : Matsumoto does not explicitly describe the use of "the 

19 components of the ... claimed low melting point metal compound" or a 

20 combination of copper fibers and low melting metal in amount > 60% by weight 

21 (Claims 9, 16 and 19). Answer, page 5:3-5, and Appeal Brief, page 9. 

22 Discussion 

23 Difference 1 

24 Matsumoto describes a "fiber network." 
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1 Matsumoto describes the use of fibers (even if use of fibers is not preferred) 

2 and explicitly states that the filler (which may be a fiber) forms a "net structure." 

3 T| 0023; T| 0059. 

4 Siemens and Matsumoto prepare electroconductive resin/filler compositions 

5 using similar, if not identical processes, and there is no basis upon which to find, 

6 when a fiber is used, that Matsumoto' s process does not yield the same fiber 

7 network as that said to have been achieved by Siemens. 

8 Difference 2 

9 Of the independent claims, only Claim 9 calls for a copper fiber dimension. 

10 In the Background of the Invention, the Siemens Specification reveals that 

1 1 one skilled in the art knows that processing of a resin/fiber composition is a 

12 function of the dimensions of the fiber. Specification, 0003. 

13 In our view, one skilled in the art would have been able to determine an 

14 appropriate fiber size consistent with a desire to maximize processing of the 

1 5 resin/fiber composition 

1 6 Difference 3 

17 The claims call for 30-70 wt% of copper fiber. 

1 8 Matsumoto explicitly describes the use of 50-95 wt% filler (which can be a 

19 fiber). 

20 The claimed range overlaps with the prior art range. 

2 1 Siemens has not made out a case that its range achieves an unpredictable 

22 result. Cf. In re Peterson, 315 F.3d 1325,1329 (Fed. Cir. 2003) (a prima facie 

23 case of obviousness typically exists when the ranges of a claimed composition 

24 overlap the ranges disclosed in the prior art). 
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1 

2 Difference 4 

3 In our view, the appeal turns on Difference 4. 

4 This is a close case and we appreciate the effort made by the Examiner to set 

5 out a cogent obviousness rationale. But when the prior art is considered as a 

6 whole, measured against the claimed subject matter as a whole, as a matter of law 

7 we have difficulty holding that the claimed subject matter would have been 

8 obvious. 

9 Siemens maintains that Matsumoto "teaches away" from using copper fibers 

10 in combination with a low melting point resin. 

11 To be sure, use of copper fibers does not seem to be Matsumoto 's preferred 

12 conducting filler. 

13 Nevertheless, use of fibers is described. Therefore, Matsumoto does not 

14 "teach away" from the use of fibers. 

15 The use of copper fibers is described in Matsumoto Comparative 

16 Embodiment 2 — but in that embodiment the amount of resin is higher (50 wt%) 

17 than the 10-25 wt% claimed amount of resin. Matsumoto, U 0102. 

1 8 Matsumoto tells us based on data in Table 1 , that impact resistance of 

19 Embodiment 1 (1.1 to 1.4) vis-a-vis Comparative Example 2 (440 1370) is 

20 "superior." Matsumoto, 0112. 

21 While we decline to find that "superior" is a proper characterization of the 

22 data, we can see there is a difference. 

23 A person skilled in the art could reasonably argue that the comparison is not 

24 scientifically valid. In other words, Embodiment 1 describes the use of 90 wt% 
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1 Sn — Cu system alloy, whereas Comparative Example 2 uses 50 wt% copper fibers. 

2 There is no comparison using the same weight percent of Sn — Cu system alloy and 

3 copper fibers. Nevertheless, Matsumoto's results data is consistent with 

4 Matsumoto's teaching that use of filler in the form of fibers may generate 

5 anisotropy during an injection molding process. ^ 0023: last sentence. 

6 To fill the gap in Matsumoto, the Examiner turns to Nakazawa. 

7 Nakazawa describes the use in an electroconductive resin matrix of a 

8 combination of low melting point metal, copper fibers and a thermoplastic. 

9 However, the amount of thermoplastic is 30-98 wt% whereas the claims on 

10 appeal call for 10-25 wt%. 

1 1 Siemens 10-25 wt% limitation is apparently based on its examples which 

12 describe use of from 10 to 25 wt%. 

13 While the level of skill in this art is high, we cannot articulate a sufficient 



14 reason for varying from Nakazawa' s requirement for at least 30 wt% resin when 

15 copper fibers and a low melting point metal are present — particularly in light of 

16 Matsumoto's expressed concern about anisotropy. Cf. KSR Int'l Inc. v. Teleflex 

17 Inc., 550 U.S. 380, 41 8 (2007) (there must be some articulated reasoning with 

18 some rational underpinning to support obviousness). Accordingly, we are unable 

19 to conclude that the prior art, as a whole, renders the claimed 10-25 wt% range 

20 within the skill of the art when a combination of copper fibers and low melting 

2 1 point metal is used to make the resin matrix. On this very narrow ground, 

22 therefore, we hold that the subject matter of the claims on appeal would not have 

23 been obvious. 
24 
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1 Decision 

2 Upon consideration of the appeal, and for the reasons given herein, it is 

3 ORDERED that the decision on the Examiner rejecting claims 9, 12, 

4 1 6- 1 7, 1 9 and 2 1 -22 is reversed. 

5 FURTHER ORDERED that no time period for taking any subsequent 

6 action in connection with this appeal may be extended under 37 C.F.R. 

7 § 1.136(a)(l)(iv). 

8 REVERSED 

9 

10 ack 
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Attachment 1 



Saunders et al., The Cu-Sn (Copper-Tin) System, Bulletin of Alloy Phase 
Diagrams, Vol., 1 1 No. 3, pages 278-287 (1990) 



As-Sn 
Cu-Sn 



34W11: W,H. Willot and E.J, Evans, "X-Ray Investigation of the 
Arsenic-Tin System of Alloys," Pniloa. Mag., 18, 114-128 
(1934). {Equi Diagram, Crys Structure; Experimental) 

SSHag: G. Hagg and A.G. Hybinette, "X-Ray Studies on the 
Systems Tin-Antimony and Tin-Arsenic," Philos. Mag., 20, 
913-929 (1935). (Equi Diagram, Crys Structure; Experi- 
mental) 

65Uga--YA. UgaiYPZavalakyVA. Ugai, S. A Mostovaya, and 
LA Bityutakaya, "Tin Arsenide: New Intermetallic Semi- 
conductor, " Dokl. Akad. Nauk SSSR, 163(3), 663-666(1965) 
in Russian. (Equi Diagram; Experimental) 

66 Pan; MB. Paniah, "The Gallium-Arsenic-Tin and Gallium- 
Arsenic-Germanium Systems," J. Less Common Met, 10, 
415-424 (1966). (Equi Diagram; Experimental) 

*68Eck: P. Eckerlin and W Kischio, "Preparation and Crystal 
Structure of Tin Arsenide (Sn 4 As 3 ) and Tin Phosphide 
(Sn 4 P 8 ) Phases," Z. Anorg. Allg. Chan., 363, 1-9 (1968) in 
German. (Equi Diagram, Crys Structure; Experimental) 

•69Pen E A Peretti and J.K Paulsen, "Contribution to the 
System Tin-Arsenic," J. Leas-Common Met., 17, 283-290 
(1969). (Equi Diagram; Experimental; #) 

*73Pre! B. Predel and A. Emam, "Thermodynamic Study of 
Liquid Binary Alloys of Arsenic with Tin and Thallium," Z. 
Metoilkd., 64(10), 689-695 (1973) in German. (Thermo; Ex- 
perimental) 

74Vdo: T.Z. Vdovina and Z.S. Medvedeva, "Phase Diagram of 
the Tin-Tin Arsenide System," Zk, Neorg. Khim., 29(8), 



2257-2260 (1974) in Russian. (Equi Diagram, Crys Struc- 
ture; Experimental; #) 

75Dem: A.F. Deraidenko, VI. Koschenko, T.Z. Vdovina, and 
ZS. Medvedeva, "Some Properties of Tin Arsenides," Zh, 
Neorg. Khim., 20, 2682-2685 (1975) in Russian. (Equi Dia- 
gram, Thermo; Experimental ) 

*77Zal:E. Zaleska, "Thermodynamic Properties of Tin-Arse- 
nic Solid Alloys," Roczn. Chem., 51(5), 849-853 ( 1977). (The- 
rmo; Experimental) 

78Gla: N.F. Gladyshev and E.A. Pashkov, "Study of Thermo- 
dynamic Properties of Intermediate Phases in the Tin- Arse- 
nic System by the Electromotive Force Method, " Fiz. Khim. 
Poluprovod. Materialoved, Voronezh, 118-122 ( 1978) in Rus- 
sian. (Thermo; Experimental) 

82Pan: L.B. Pankratz, "Thermodynamic Properties of Ele- 
ments and Oxides," Bureau of Mines Bull. 672, 509 (1982). 
(Thermo; Compilation) 

84Pan: LB. Pankratz, J.M. Stuve, and N.A. Gokcen, "Ther- 
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The Cu-Sn (Copper-Tin) System 



By N. Saunders and A.P. Mlodownlk 
University of Surrey 



Equilibrium Diagram 

The assessed Cu-Sn phase diagram of Cu-Sn (Fig. 1) is 
taken from the review of [44Ray]; this diagram is based 
on extensive work and has stood the test of time. (For a 
more complete list of references to early work, see [Han- 
Table 1 Temperature-Invariant Reactions in the Cu-Sn System 



sen]; [80BAP] also summarized the data then available.) 
The system is characterized by a series of peritectic reac- 
tions and the formation of a number of ordered, inter- 
metallic phases. This evaluation expands on the above- 
mentioned work with regard to the occurrence of several 
metastable phases, including martensitic and other 



Reaction 

(Cu) + L~0 7.7 

P + L~y 15.8 

r + \ ZZZZZZZvia 

y~e +L 27.9 

y + C»(J 19.8 

P~a + y 14.9 

£ «•<$ + * 21.7 

y~a + i 16.5 

* + L~ »?.... 24.9 

<5~a +e 20.5 

L~i? + (0Sn> 98.7 



Reaction 



15.5 
19.1 
25.0 
24.5 



43.1 
20.3 
15.4 
24.5 
20.4 
43.5 
24.5 
>99.9 



640 
640 
590 
586 



415 
350 
227 



Peritectic 
Peritectic 
Congruent 
Peri tec toid 
Metatectic 
Peritectoid 
Eutectoid 
Eutectoid 
Eutectoid 
Peritectic 



Eutectic 
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phase also has a wide range of solubility, it is formed by 
ordering of the/9 phase [Pearson!]. The structure of the d 
phase is cubic (cF416) with 413 atoms per unit cell and 
can be considered as a y-brass type superstructure, where 
ordering prevents any close contact between Sn atoms 
Both the fee (cF4) (Cu) or a phase and bec <c/2) phase [77Boo], The £ phase is hexagonal (hP26) and is a super- 
dissolve substantial quantities of Sn. The D0 3 (cF16) y structure based on the £AgZn prototype [75Bra]. The 



structures. Temperature-invariant reactions in the Cu- 
Sn system are given in Table 1. 



Stable Phases 



Fig. 1 Assessed Cu-Sn Phase Diagram 



Weight Percent Tin 




: Percent Tin 
Atomic Percent Tin 

I ^ 30 40 50 




Weight Percent Tin 



From [44Ray], Melting points of Cu and Sn were adjusted slightly to agree with accepted values [Melt] 

N. Saunders and A.P Miodownik, 1990. 
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structure of the e phase is orthorhomhic (0C8O) [83Wan]. 
The basic lattice is of the orthorhomhic CugTi type, with 
antiphase shifts occurring at every five unit cells along 
the 6 0 -axia, Since the basic CugTi-type structure is itself 
regarded as a superstructure based on the cph A3 lattice, 
CugSn belongs to a family of cph-lattice based antiphase 
structures [83Wan]. 17' is hexagonal and is a superstruc- 
ture based on the NiAs-type structure (hP4). On heating 
it transforms to tj between 186 and 189 °C and has the 
conventional NiAs (hP4) structure [73Gan]. The crystal 
structure of Sn at high temperatures is bet (tI4), which 
transforms at 13 °C under equilibrium conditions and at 
1 bar to the diamond cubic structure (cF8) . The solubility 
of Cu in (Sn) was reported to be 0.01 at.% Cu [39Hom] . 

Metastable Phases 
MartensKe Structures 

A major area of interest in Cu-Sn metastable phases con- 
cerns the martensite structures that are formed on 
quenching from the high-temperature and y phases. 



Three types of martensite are usually observed— §1 ',f}\" 
andyi'. The nomenclature for the types of martensite de- 
rives from the parent phases, their states of order, and the 
structure types of the martensitic products before the lat- 
tice invariant strain is taken into account. The descrip- 
tion and sequence of martensites with composition given 
below are taken from [72Ken] and [74War] . 

The^i' (18R) martensite has an ordered orthorhomhic 
structure and is found between 13 and 13.8 at.% Sn. Dur- 
ing the quench, the high-temperature phase orders to 
the DO3 (cF16) structure before the martensite transfor- 
mation and, therefore, f)\ martensite inherits this order. 
P\"{\mi2H) martensite, found between 13.8 and 15 
at.% Sn, is a lamellar composite of orthorhombic fi\ ' and 
hexagonal yi' martensites, with a composition-depen- 
dent orthorhombic distortion arising from a need to mini- 
mize transformation stresses. y\ martensite, formed by 
itself between 15 and 15.8 at.% Sn, is a twinned cph struc- 
ture whose order is inherited from the DO3 (cF16) parent 
phase. There was also a report that it is possible to extend 



Table 2 Cu-Sn Crystal Structure Data (Stable Phases) 

Composition, Pearson Space bericht 



Phase at-%Sn symbol group designation Prototype 



(Cu) 0 to 9.1 cFA Fm3m Al Cu 

§ 13.1 to 16.6 c/2 JmSm A2 W 

Y 15.6 to 27.5 cF16 FmSm DQ$ BiF a 

3 20to21 cF416 F43m ... Cu^Snn 

£ 20.3 to 22.6 WP26 P6 a ... CuioSn 8 

e 24.5 to 25.9 0C8O Cmom ... Cu 3 Sn 

9 43.6 to 44.5 hP4 P6s/mmc £8, NiAs 

17' 45 (a) 

/?Sn(b) 100 tI4 I4 x lqrnd A5 0Sn 

aSn(c) 100 cF8 Fd&n A4 C(dianiond) 



Note: See "Stable Phases" section for references. 

(a) Hexagonal; superlattice based on NiAs-type structure, (b) From 13 to 231.9681 °C. (o) Up to < 13 °C . 



Table 3 Cu-Sn Lattice Parameter Data (Stable Phases) 

Composition, Lattice parameters, nm 



Phase at.%Sn a b 



(Cu) 0to9.1 0.36148to 

0.37046 

0 13.4 to 15.7 0.29781 to 

0.29871 

Y 16.6to25.0 0.60605to 

0.61176(a) 

a 20.6 1.7980 

£ 23.1 0.7330 ... 0.7864 

e. 25 0.6529 4.7750 0.4323 

t, 45.45 0.4190 ... 0.5086 

t,' 45.45 2.0870 ... 2.5081 

jSSn 100 0.58315 ... 0.31814 

aSn 100 0.64892 



From tPearson3]. (a) At 710 *C. 
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Table 4 Cu-Sn Crystal Structure Data (Metastable Phases) 

Composition, Pearson Space 

Phase at.%Sn symbol group 

a' ~8toll.5 hP2 PBg/mme 

m I5tol6 AP12 

XorL -15 hP9 

p 2 15.5 (a) 

r' 19.5 a» 

/?' 13 to 16.2 ... 4ff(c> 

fix' 13 to 13.8 (d) lfiR(c) 

fix" 13.8 to 15 ... 18K/2tf(c) 

Yx' 15 to 15.8 ... 2fftc) 

25 

(a)Ordered rhombic structure. (b)Ordered cubic. (c)Warlimont 



Struktur- 

bericht 
designation 



[63Der, 84Sau] 
[812ak] 
[32Lsa, 57Bag, 

83Kuw] 
[81Zak] 
[84Sau] 
[72Ken] 
[72Ken] 
[74War] 
[72Ken] 



designation. (d)See text under "Martensite Structures." 



Table 5 Cu-Sn Lattice Parameter Data (Metastable Phases) 



Composition, 
at.%Sn 



Reference 



. -8 



11.5 

m 15 to 16 

X -15 

L 16 

YX' -15 

fa 15.5 

y' 19.5 



0.261 
0.263 
0.421 
0.728 
0.740 
0.456 
1.273 
0.899 



0.427 
0.427 
1.110 
0.258 



[63Der] 

[84Sau] 

[81Zak] 

[32Isa, 57Bag] 

[83Kuw] 

[72Ken} 

[81Zak] 

l84Sau] 



Fig. 2 Lattice Parameter of fee (Cu) Solid Solu- 
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N. Saunders and A.P Miodownik, 1990. 



Fig. 3 Lattice Parameter of bec </9) Solid Solu- 
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the range of f}\ martensite to 11.8 at.% Sn by rapid 
quenching from the melt [70Van] . 
Between 16 and 26 at.% Sn, the martensite start tem- 
perature (Mm) falls sharply and, at compositions greater 
than 16 at.% Sn, to so far below room temperature that 
the niartensitic transformation is prevented and the 
DO3 y phase is retained. However, the y 1' martensite is 
observed again at —25 at.% Sn; this makes the Cu-Sn 
system unique in that the yi' martensite is observed in 

Table 6 Measured Activities of Sn In Liquid Cu-Sn 

Alloys 

Temp- Composition, 



[840no](a)...1673 



[78Sen] 1073 



tie fraction Activity 




ofSn 

— 


Sn 

—— 


Cu 






0.856 


0.2 


n ft 0 
0.082 


0.678 


0.3 


0.22 


0.498 


0.4 


0.373 


0.373 


0.5 


0.499 


0.297 


0.6 


0.614 


0.227 


0.7 


0.712 


0.17 






0.113 


0.9 


0.905 


0.064 


0.1 


0.1 




0.2 


0.055 




0.3 


0.198 




0.4 


0.307 




0.5 


0.466 




0.65 


0.652 




0.8 


0.808 




0.9 


0.919 




0.1 


0.007 




0.2 


0.055 




0.3 


0.214 




0.4 


0.353 




0.5 


0.474 




0.6 


0.575 




0.7 


0.683 




0.8 


0.805 




0.9 


0.903 





(a) Digitized from figure in original paper. 



two composition ranges. Another martensite (4H) 
with an ordered but faulted orthorhombic structure has 
also been reported [68Nis, 72Ken]. This martensite is 
observed between 13 and 16.2 at.% Sn when quenched 
from above some minimum temperature and does not 
form part ofthe/3i'-/3i"-yi' sequence. Theyi' martens- 
ite, at -15 to 16 at.% Sn, exhibits thermoelastic behav- 
ior [75Miu]. 

Other Phases Observed In Quenched and Aged /J 
and y Alloys 

Numerous other metastable products of quenched and 
aged P and y alloys have been reported. The unambiguous 
crystallographic identification of the products is not al- 
ways straightforward and can be hampered by the size 
and distribution of the various phases. It appears fairly 
certain that at least two phases not observed in the equi- 
librium phase diagram — the a> and a' — can form in 
quenched or aged /3 and y alloys. 

The co phase reported in alloys quenched from the y phase 
[71 Van, 73Van, 81Zak] is usually observed as a fine-scale 
precipitation within the matrix y phase. The w phase is 
associated more commonly with Ti- and Zr-based alloys 
where the parent phase has the bcc (cJ2) structure; in this 
case the structure is hexagonal, with da = 0.63 [69Sas]. 
However, in Cu-Sn, w forms from the DO3 structure and 
should theoretically inherit the order of the parent phase 
[76Pra], with the c-axis quadrupling. Ordering of the w 
phase was suggested by the experimental study of 
[73\an] and subsequently confirmed by [80Zak]. Elec- 
tron diffraction spots consistent with w phase reflections 
were also observed by [83Kuw] from finely dispersed pre- 
cipitates in a quenched 15 at.% Sn shape-memory alloy. 
However, as they were not able to ascertain with com- 
plete certainty that the phase was tu, they designated it an 
V'-phase. 

The metastable phase, a', has been observed in both 
quenched and aged p and y phase alloys [63Der, 67Deb, 
73\&n]. [63Der], using X-ray diffraction (XRD), de- 
scribed this phase as straightforward cph (hP2) with a 
composition of ~8 at.% Sn. Later work [67Deb], using 
thin foils and electron microscopy, suggested that this 
phase might also be described as a very highly faulted fee 
(cFA) structure with a stacking fault density of ~0.5. 



Table 7 Recommended Integral Thermodynamic Quantities for Liquid Alloys at 1 400 K 



Xso AG AH AS AG™ AS™ 



0.1 -7 091 -3360 2.655 -3307 -0.038 

0.2 -10 607 -4374 4.452 -4782 0.291 

0.3 -12 250 -4010 5.886 -5139 0.807 

0.4 -12 702 -2996 6.933 -4868 1.337 

0.5 -12 345 -1838 7.505 -4277 1.742 

0.6 -11368 -857 7.508 -3534 1.912 

0.7 -9 824 -210 6.867 -2713 1.788 

0.8 -7 662 79 5.529 -1837 1.368 

0.9 -4 702 94 3.426 -918 0.723 



Notes Values in J/mol or J/mol-K. 
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Table 8 Recommended Partial Molar Thermodynamic Quantities for Liquid Alloys at 1 400 K 









AGcu 




AHcu 


ASc 


AScu 






YCn 


J/moi 


J/mol 


J/mol 




J/mol K 


oomponen 






= Cu(ln alloy)(L) 










1.0 


1.000 


1.000 


0 


0 


0 


0.000 


0.000 


0.9 


0.822 


0.913 


-2 282 


-1055 


-1356 


0.661 


-0.215 


0.8. 


0.611 


0,763 


-5 744 


-3146 


-4004 


1.243 


-0.612 


0.7 


0.448 


0.640 


-9 356 


-5204 


-6384 


2.123 


-0.843 


0.6 


0.336 


0.560 


-12 693 


-6747 


-7614 


-3.628 


-0.619 


0.5 


0.258 


0.516 


-15 777 


-7708 


-7379 


5.999 


0.235 


0.4 


.................0.197 


0.492 


-18 929 


-8262 


-5825 


9.360 


1.742 


0.3 


0.143 


0.475 


-22 674 


-8658 


-3444 


13.736 


3.725 






0,460 


-27 780 


-9044 


-967 


19.152 


5.770 






0.450 


-36 100 


-9294 


-744 


26.317 


7.172 


0.0 


0.000 


0.468 


OO 


-8842 


806 


OO 


6.891 










AG£ 




ASSn 


ASfJ. 


XBm 




nan 


J/mol 


J/mol 


J/mol 




J/mol K 


Sn component 






m Sn(ln alloy )(L) 










0.0 


0.000 


0.021 


00 


-45 239 


-49 228 


OO 


-2.849 


0.1 


0.013 


0.132 


-50 370 


-23 564 


-21394 


20.697 


1.552 


0.2 


0.076 


0.378 


-30 058 


-11322 


-5 854 


17.289 


3.907 


0.3 


0.196 


0.652 


-19 002 


-4 986 


1526 


14.663 


4.652 


0.4 


0.336 


0.839 


-12 716 


-2 049 


3 930 


11.890 


4.272 


0.5 


0.465 


0.930 


-8 913 


-844 


3 704 


9.012 


3.249 


0.6 


0.581 


0.968 


-6 326 


-380 


2 455 


6.272 


2.025 


0.7 


0.690 


0.986 


-4 316 


-164 


1176 


3.923 


0.957 


0.8 


0.798 


0.997 


-2 633 


-35 


341 


2.124 


0.269 


0.9 


0.901 


1.001 


-1213 


13 


22 


0.882 


0.006 


1.0 


1.000 


1.000 


0 


0 


0 


0.000 


0.000 



Fig. 4 Lattice Parameter of D0 3 iy) Solid Solu- 
tion at 605 and 710*0 
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From [66Kno1 . N. Saunders and A.E Miodownik, 1990. 



Fig. 5 Experimental Enthalpy of Mixing Data for 
Liquid Cu-Sn Alloys 
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— ■ recommended values. Values of [79Poo] represent an 
optimized fit of their experimental results. 

N. Saunders and A.P Miodownik, 1990. 
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Table 9 Recommended Enthalpies of Formation of Solid and Liquid Alloys at 723 K 





Pbaw 


(1 -x)Cu(s) + *Sn(s) = Cu(i - r >Sn*(«) 
(1 -*)Cu(L)+*Sn(L) =Cu<i -»)Sru(L) 

3 AH XSn 


Phase 


AH 


0.090(a) 


(Cu) 


-1165 0.826(a) 


L 


-671 


0.206 




-6350 0.85 


L 


-515 


0.240 




-7650 0.90 


L 


-263 


0.435 




-7030(b) 0.95 


L 


-104 


From [56KM], [56Kle2],a 


nd [73Gan]. (a) Phase boundary. (b)AHat 237 K. 







Table 1 0 Recommended Partial Glbbs Energy of 

Sn In Solid Alloys at 1 000 K 

x Bd Phase ACsn. J/mol 



0.008 (Cu) -54 350 

0.012 (Cu) -50 354 

0.021 (Cu) -45 606 

0.043. (Cu) -38 618 

0.069 (Cu) -33 600 



From [74Alc] . Data given relative to pure liquid Sn. 



[34Isa] and [34Bug] observed an intermediate phase "X" 
on tempering a quenched y phase alloy whose structure 
they identified as either tetragonal or hexagonal, isomor- 
phous with the £AgZn structure. Later work [57Bag] con- 
firmed that the diffraction pattern is more consistent 
with that of the hexagonal structure and therefore "X" is 
closely related to the£ equilibrium phase. [83Kuw] identi- 
fied an *1? phase in a 15 at.% Sn shape-memory alloy. 
The phase appears to be the same as that described by 
[57Bag]. 

£ phase itself has been observed on annealing quenched, 
16.5 at.% Sn y phase alloys at 300 °C [63Dei; 67Deb]. It 
coexists with the metastable a ' phase (see above) and the 
equilibrium b and a phases before final decomposition to 
the equilibrium two-phase structure of a + e. The £ or 6 
phases appear either separately or together, depending on 
the specimen size and its previous thermal and mechani- 
cal history [67Deb]. The formation of these metastable 
aging products was considered to be caused by the alloys 
adopting metastable equilibria, which are energetically 
favorable under limited kinetic conditions [63Der]. Other 
reported decomposition products of quenched and aged 
alloys include an ordered ortborhombic (fa) phase 
[67Mon 81Zak] and a 6 ' phase, which was considered an 
intermediate structure between w and the equilibrium & 
phase [73Van]. 

Phases Formed on Vapor Quenching 

A series of metastable structures have been reported on 
vapor quenching of alloys of 11.5 and 19.5 at.% Sn, with 
the occurrence of the various phases controlled by the 
composition and substrate temperature [84Sau, 85Sau, 
87Saul], Below 200 °C, a cph (hP2) phase, denoted a', 
and a cubic phase, y\ were observed. The a' phase, ob- 
served at 11.5 at.% Sn, is probably equivalent to the 
phases found in earlier studies of quenched ft and y phase 
alloys [63Der, 67Deb, 73Van] . On deposition at room tem- 



perature, only cph (hP2) lines were observed with XRD. 
However, depositing at —130 °C produced a pattern con- 
taining both fee (cF4) and cph (hP2) lines. The cubic y' 
phase (a = 0.899 nm) observed at 19.5 at.% Sn, was con- 
sidered [84Sau, 87Sau 1] to be isomorphous with the more 
usual y-brass structures observed in Cu alloys [Pearsonl]. 
At -200 and -300 °C, 19.5 at.% Sn alloys contained pri- 
marily the £ phase, whereas 1 1.5 at.% Sn alloys contained 
a mixture of £ and supersaturated a. The occurrence of 
the above structures was considered to be due to the al- 
loys adopting a series of low-temperature metastable 
equilibria, limited by kinetics at the surface of the film 
during deposition [84Sau, 85Sau, 87Saul] (see also 
[63Der]). 

Amorphous phases have been observed on vapor codep- 
osition at very low temperatures ( < 77 K) in a 90 at.% Sn 
alloys [54Buc], at 77 K in a 60 at.% Sn alloy [68Cho], and 
between -30 and 80 at.% Sn at 4.2 K [83Hau]. A meta- 
stable phase was reported to form on annealing of thin- 
layered structures produced by the sequential vapor de- 
position of pure Cu and Sn [61Mit, 79She]. From its elec- 
tron diffraction pattern, the structure was postulated to 
be diamond cubic, with c = 1.734 nm. However, such a 
structure is highly unlikely and was not reported [Pear- 
son3] in other Cu alloys. 



Crystal Structures and Lattice Parameters 

Tables 2 and 3 summarize crystal structure and lattice 
parameter data for the equilibrium system, whereas Ta- 
bles 4 and 5 provide these data for the metastable phases. 
Figures 2 and 3 show the lattice parameter vs composi- 
tion measurements for the (Cu) and jS phases from vari- 
ous authors where there is fairly good agreement between 
the studies. [66Kno] measured the lattice parameter 
variation of the D0§ y phase with composition of 605 and 
710 "C which is shown in Fig. 4. 



Thermodynamics 

[71Hul] reviewed the literature prior to 1970. Since then, 
a number of experimental studies have been reported. Ac- 
tivities of liquid alloys were measured by [720is], [78Ser], 
and [840no] (Table 6). All of these reports are in broad 
agreement with [71Hul]. However, they do suggest that 
the activity of Sn exhibits a slight positive deviation from 
ideality in Sn-rich alloys rather than the slightly negative 
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deviation proposed by [71Hul]. Enthalpies of mixing have 
been measured calorimetrically [75Ita, 77Igu, 79Poo] and 
derived from high-temperature activity measurementa 
[720is, 840no]. These results are for the most part in 
good agreement with [7 lHul] and characteristically show 
a minimum around —20 to 30 at.% Sn (Fig. 2). There are 
two experimental studies of partial Gibbs energies of Sn 
in the (Cu) phase [72Pre, 74Alc], The values of [72Pre] 
are substantially more negative that those of [74Alc]. 
However [74Alc] showed that their results are consistent 
with values derived using measured liquid activities and 
the known phase diagram; consequently [74Alc) is con- 
sidered more accurate. [73Gan] measured thermody- 
namic properties of the tj phase. 

Recommended values for thermodynamic properties of 
the Cu-Sn system which take into account these recent 
values are shown in Tables 6 to 10. Recommended values 
for the liquid phase were selected using the computer pro- 
gram BINGSS developed by [77Luk]. BINGSS uses a 
least-squares method to optimize thermodynamic func- 
tions based on experimentally measured thermodynamic 
and phase diagram data. In the present case, only experi- 
mentally measured thermodynamic data were used. Val- 
ues in Table 7 have been transferred to die respective ref- 
erence states assuming AH m for Cu = 13 054 J/mol 
[71Hul] and AH m for Sn = 7029 Jfool [Huhgren,E]. 

Due to the complexity of the ordered phase equilibria, 
thermodynamic phase diagram calculations have been 
very limited. A reasonable fit with the phase diagram has 
been achieved [84Sau] (see also [85Mio]). Howevet; it was 
not possible to fit the ordered phases y and £ using a con- 
ventional treatment such as the Bragg-Williams model. 
Instead, it was necessary to add a small parabolic Gibbs 
energy contribution, tentatively associated with elec- 
tronic effects and confined within empirically evaluated 
composition limits, to a standard subregular model. The 
approach, although empirical, results in Gibbs energy 
curves that support the proposed relative stability of the £ 
phase at low temperatures and could subsequently be 
used to explain its appearance as a metastable phase 
[63Dei; 84Sau, 85Sau, 87Saul] (see "Metastable Phases" 
section). 

Attempts here at calculation of the phase diagram using 
more sophisticated sublattice modeling [81Sun] have 
proved unsuccessful. This in itself may be seen as con- 
firming the importance of electronic contributions to the 
phase stability of the ordered structures as proposed by 
[85Mio], However it is clear that for a completely satis- 
factory thermodynamic phase diagram calculation, a 
proper ordering model should necessarily be included in 
the description for the ordered phases in this system. 
The relative stability of the cph (hP2) and fee (cF4) 
structures in Cu-based alloys was analyzed by 
[87Sau2]. Using reported stacking fault energies of Cu- 
Sn alloys [70Gal], they were able to show that, at low 
temperatures, the underlying stability of the cph struc- 
ture increases with alloying and above -10 at.% Sn, it 
becomes more stable than the fee (cF4) structure. This 



increase in the relative stability of the cph structure on 
alloying is consistent both with the experimentally ob- 
served transition from the fcc-based,/?i' martenstte to 
the cph-based, y\' martensite with increasing Sn con- 
centration and the formation of the cph metastable a' 
phase [63Den 67Deb, 73Van, 84Sau, 85Sau, 87Saul] 
(see "Metastable Phases" section). 
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The H-Na (Hydrogen-Sodium) System 

By A. San-Martin and F.D. Manchester 
University of Toronto 



Equilibrium Diagram 

The temperature-composition diagram* of the Na-H sys- 
tem shown in Fig lconsistsofthefoUowmgphaaesr/SNa, 
the pure bee form; NaH, with nominal stoichiometry and 
fee structure; and (Lj), liquid Na containing absorbed H. 

Crystal structure and lattice parameters data for the H- 
Na system are given in Table 1. For the phase NaH, se- 
lected experimental data have been arranged in Table 2 
(density), and Tables 3 and 5 (Thermodynamics). 

The (Li)/(Li) + NaH boundary** in Fig. 1, was calculated 
with Eq 3 below, which is the assessed analytical approxi- 
mation for the solubility limit of H in liquid Na (see Fig. 
2). The atomic ratioX(Z = H/Na) amounts to around 8 x 
10- 7 (-8 X 10- 5 at.% H), at 110 °C, the lowest tempera- 
ture measured so far [74Vis], and 2 x 10" 3 (0.2 at.% H) at 
428 °C, the decomposition temperature at 0. 1 MPa. 

•In metal hydrogen (M-H) systems, the eouilibium pressure 
of the hydrogen surrounding the metal is always a significant 
thermodynamic variable, in contrast to most situations in- 
volving metallic alloys. Two sections of the P-T-X surface (T- 
X and P-X diagrams) are therefore necessary. However, for 
the Na-H system such diagrams are only available at high 
pressures (see Fig. 3 and 4), and are not readily compatible 
with Fig. 1. in the presentation given here P is the pressure 
(in Pascals), T the temperature (in °C), and X the H concen- 
tration (expressed as X =H/Na, the atomic ratio). 
••Because, as with other alkali metals [68Mag], H is readily 
bonded, stoichiometrically, with Na, we assume that we can 
represent the mixed phase field of Fig. 1 by the designation 
(L 1 ) + NaH, a practice we have not used for transition metal 
(M-H) systems Because stoichiometric arrangements in them 
are not often encountered. 



The H solubility in liquid Na increases at hydrogen pres- 
sures higher than 0.1 MPa. The experimental pressure- 
composition isotherms reported by [82Klo] (Fig. 3) show 
that at a pressure of 66.4 MPa and a temperature of 900 
°C, the maximum observed solubility of H in liquid Na 
amounts toX = 0.186 (15.7 at.% H). The maximum solu- 
bility values from the isotherms of Fig. 3 delineate in Fig. 
4 the boundary between Li and the two-phase region 
comprised of (Li) and Ljj. In the T-X diagram of Fig. 4, for 
an equilibrium pressure of 250 MPa, the principal fea- 
tures postulated by [82Klo] were preserved. The most 
probable values for the critical point were estimated by 
[82Klo] using three different procedures (which includes 
the method of Kordes [53Korj and the rectilinear diame- 
ter rule) and are: 

T c = 1227 ± 70 °C; X - 0.65 ± 0.05; and 0 = 250 ± 
60 MPa. 

The melting point temperature (Tm) of the NaH phase is 
assessed to be 638.8 °C (atp« 11.25 MPa), derived by the 
procedure of [82Klo] from a plots of log P vs 1/T with his 
data as well as with the equilibrium data of [55Ban], 
[76Sku], and [82Klo]. Tm values derived by [76Sku] and 
[82Klol are listed in Table 4. 

Solubility of H In Liquid Na 

Observations that Na absorbs H were first mentioned by 
[1811Gay] (cited in [1874Trol]). [1874Trolj and 
[1874Tro2] found that under atmospheric pressure, H 
was absorbed by Na only up to temperatures of 421 °C, 
and that a crystalline alloy of Na and H was formed (see 
NaH phase). These early studies of the H solubility in Na, 
as well as many others [02Moi 12Key, 21Eph, 37Sol, 
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MCP200, METSPEC 390 
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Brinell Hai 
BS 240: 1986 (1991) 

Latent Heat of Fusion (A 
Re-Fusion) 

Thermal Conductivity 



7.27 g.mr 1 
21 .5 to 24.5 



Mcra 



METSPEC 390 is probably the eutectic of the tin-zinc system, although there is some conflict in the published data. 

In common with all alloys of low melting point, Metspec 390 undergoes equilibration after solidification. Although melting behavior depends 

on the age and thermal history of the alloy, the observed differences are of much less significance than those seen in alloys based on 

bismuth, which melt within a much lower temperature range, where the changes are slower and usually more complex. 

The alloy when molten is susceptible to dross formation through oxidation, and a protective atmosphere is recommended. Pressurized 

nitrogen is preferable to air as the motive gas in spraying. 



Tensile Properties 
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The Tin-Zinc Phase Diagram 



The eutectic composition (9.0% wt. of zinc) and tei 
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Viscosity 

Like that of most alloys of low melting point, the viscosity of METSPEC 390 is quite low and apparently non-Newtonian. However, the data 
shown are undoubtedly influenced by the circumstances of measurement and, no! least, by the high surface tension of the alloy, especially 
close to its melting point. 

The values indicated in the diagram were obtained by means of a Brookfield RVT viscometer, using 3 liters of liquid alloy in a cylindrical 
container with alloy depth being roughly equal to the diameter. The figure illustrates changes apparent under conditions such as might be 
encountered in practical use. Viscosity is, in fact, so low that it is not a large consideration in designing systems for circulating large 
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Typical Uses 

METSPEC 390 alloy is used almost exclusively in spraying applications. These are mainly based on the MCP range ot spray guns, 
designed for the rapid formation of alloy moulds for plastics such as polyurethanes. The alloy is suitable for thermal protection devices 
designed to yield at 197»C. 
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SPECIFICATIONS 


Compressive Properties (Proof stress at 2 days and 

70 days) 


(0.2% set) 51 .8 falling to 50.8 Mpa 
(1.0% set) 62.4 falling to 58.1 Mpa 


Melting Point 


197 °C 
390 °F 


Specific Heat 


(Solid, 25°C) 0.239 J.g""' 0 C" 1 1 
(Liquid, 160°C) 0.272 J.g'Vc" 1 


Density 


7.27 g.mf 1 


Brinell Hardness 
BS 240: 1986 (1991) 


21.5 to 24.5 


Latent Heat of Fusion (At Immediate Re-Fusion) 


71.2 J.g" 1 


Thermal Conductivity 


0.61 J.sec" 1 .cm" 1 .°C* 1 


Electrical Resistivity (0.1 52x Conductivity of Cu) 


11.2 (JU.cm 



PHYSICAL PROPERTIES 

METSPEC 390 is probably the eutectic of the tin-zinc system, although there is some conflict in the published data. 

In common with all alloys of low melting point, Metspec 390 undergoes equilibration after solidification. Although melting behavior depends on the age and thermal 
history of the alloy, the observed differences are of much less significance than those seen in alloys based on bismuth, which melt within a much lower temperature 
range, where the changes are slower and usually more complex. 

The alloy when molten is susceptible to dross formation through oxidation, and a protective atmosphere is recommended. Pressurized nitrogen is preferable to air as 
the motive gas in spraying. 



TENSILE PROPERTIES 



Data at 2 Davs and 70 Days 


BS EN 10 020 


Module-- .-;t Elasticity 




Proof Stress, 0.2% set 


48.5 fallinq to 42.7 MPa 


Tensile Strength 


64.3fallina to 54.7 MPa 


Elongation (% in 5.65 A) 


30 risinq to 32.5 
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TYPICAL USES 

METSPEC 390 alloy Is used almost exclusively in spraying applications. These are mainly based on the MCP range of spray guns, designed for the rapid formation of 
alloy moulds for plastics such as polyurethanes. The alloy is suitable for thermal protection devices designed to yield at 197°C. 
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